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ABSTRACT
The Magellanic Stream (MS) is a well-resolved gaseous tail originating from the Magellanic Clouds.
Studies of its physical properties and chemical composition are needed to understand its role in
Galactic evolution. We investigate the properties of a compact HVC (CHVC 224.0-83.4-197) lying
close on the sky to the MS to determine whether it is physically connected to the Stream and to
examine its internal structure. Our study is based on analysis of HST/COS spectra of three QSOs
(Ton S210, B0120-28, and B0117-2837) all of which pass through this single cloud at small angular
separation (. 0.72◦), allowing us to compare physical conditions on small spatial scales. No significant
variation is detected in the ionization structure from one part of the cloud to the other. Using Cloudy
photoionization models, toward Ton S210 we derive elemental abundances of [C/H] = −1.21 ± 0.11,
[Si/H] = −1.16 ± 0.11, [Al/H] = −1.19 ± 0.17 and [O/H] = −1.12 ± 0.22, which agree within 0.09
dex. The CHVC abundances match the 0.1 solar abundances measured along the main body of the
Stream. This suggests that the CHVC (and by extension the extended network of filaments to which
it belongs) has an origin in the MS. It may represent a fragment that has been removed from the
Stream as it interacts with the gaseous Galactic halo.
Keywords: Galaxy: halo — ISM: clouds — ISM: abundances — Magellanic Clouds — Quasars: ab-
sorption lines
1. INTRODUCTION
The processes of inflow, outflow, and recycling of gas
are key to a full understanding of galaxy evolution. In
the halo of the Milky Way, these gas-flow processes can
be traced via the gaseous high-velocity clouds (HVCs),
moving at & 100 km s−1 in the local standard of rest,
spread throughout the halo of the Milky Way. They are
characterized by high radial velocities incompatible with
a participation in the rotation of the Galaxy.
One of the best studied HVCs is the Magellanic
Stream, a large and well-resolved HVC, discovered in
21 cm emission (Wannier & Wrixon 1972; Mathewson
et al. 1974, 1977). It has a length of ≈ 140◦ or ≈ 220◦
when including the Leading Arm (Hulsbosch & Wakker
1988; Braun & Thilker 2004; Bru¨ns et al. 2005; Nidever et
al. 2010), and its different regions show different phases,
e.g. molecular hydrogen in the main body (Richter et
al. 2001) and in the Leading Arm (Sembach et al. 2001),
regions of cold neutral (Matthews et al. 2009) and warm
neutral (Bru¨ns et al. 2005) gas, and other areas con-
taining warm-ionized (Lu et al. 1994, 1998; Weiner &
Williams 1996; Putman et al. 2003) and highly ionized
(Sembach et al. 2003; Fox et al. 2005, 2010) plasma. The
different parts of this multi-phase extended structure can
be studied by QSO absorption-line spectroscopy.
This paper presents the study of a compact (∼ 1
sq. deg.) high-velocity cloud, CHVC 224.0-83.4-197,
1 Based on observations taken under program 12204 of the
NASA/ESA Hubble Space Telescope, obtained at the Space
Telescope Science Institute, which is operated by the Associa-
tion of Universities for Research in Astronomy, Inc., under NASA
contract NAS 5-26555.
lying near the Magellanic Stream in the vicinity of
the south galactic pole, which has a chance alignment
with 3 bright QSOs, Ton S210, QSO B0120-28 (also
known as QSO1220-2859), and B0117-2837 (also known
as MS0117-2837). The compact HVCs (by definition)
are those with angular diameter of < 2◦ (Braun & Bur-
ton 1999). One of the targets, Ton S210 was studied
using Far Ultraviolet Spectroscopic Explorer (FUSE) ob-
servations and H I 21 cm emission observations obtained
with the Parkes telescope, giving a metallicity limit of
(O/H)<0.46 solar at a confidence of 3σ (Sembach et al.
2002). Further investigation of the same CHVC using
the Space Telescope Imaging Spectrograph (STIS) in-
stalled on the Hubble Space Telescope (HST) confirmed
this observation by reporting an oxygen abundance of
−1.01 (Richter et al. 2009). In this paper, we present
Cosmic Origins Spectrograph (COS) data on this direc-
tion plus two additional sightlines passing through this
same CHVC, which allow us to investigate its metallicity
and look for small-scale variations in metal content and
ionization within a single resolved halo cloud.
The paper is organized in the following way. §2 de-
scribes the observations and the data reduction along
with a brief description of the instruments involved.
§3 presents the column density measurements, chemi-
cal abundance determination and investigation of the ef-
fects of ionization using Cloudy models. §4 discusses the
main results, their implication, their comparison with
the previous studies and the scope of further work. §5
summarizes our findings. Throughout the paper, wave-
lengths and velocities are presented in the kinematical
local-standard-of-rest (LSR) reference frame, as defined
by Kerr & Lynden-Bell (1986), the atomic data are taken
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from Morton (2003), and the solar (photospheric) abun-
dances are taken from Asplund et al. (2009).
2. OBSERVATIONS AND DATA REDUCTION
Table 1 gives an overview of the three sightlines under
study.
2.1. HST/COS Observations
HST/COS observations of the three target QSOs were
taken under a 14-orbit HST program (ID 12204, PI C.
Thom), using the COS medium-resolution FUV gratings
G130M/[1291,1309] and G160M/[1600,1623] settings and
the Primary Science Aperture. Their resolving power
R ≈ 16, 000 corresponds to a velocity resolution δv ≈ 19
km s−1(Holland et al. 2014). COS has better sensitivity
compared to STIS, with a peak FUV throughput a factor
of 10-30 higher. The velocity resolution is high enough to
separate the CHVC absorption (vLSR = −200 km s−1)
from the strong Milky Way disk absorption at vLSR ∼ 0
km s−1.
The data were reduced using CALCOS version 2.12,
following the procedures given in Meiring et al. (2011)
and Tumlinson et al. (2011). In brief, the reduction steps
take the individual reduced and wavelength-calibrated
x1d files produced by CALCOS for each exposure, align
them in wavelength space using a cross-correlation anal-
ysis, and co-add them to produce a single summed spec-
trum for each quasar. The coaddition operates by sum-
ming the gross source and background counts in each
wavelength bin in each exposure. The final spectrum is
then background-subtracted, corrected for fixed pattern
noise using a reference file provided by the COS instru-
ment team, and rebinned by three pixels. This process
produced reduced spectra covering the wavelength range
of 1132–1798 A˚. The S/N ratios per pixel of each spec-
trum measured at 1393 A˚ and at 1526 A˚ are given in
Table 1. Because of the contamination of the data re-
sulting from the strong geocoronal emission (air-glow) in
O I 1302, a second, orbital night-only reduction of the
data was completed, in which the data were extracted
only over those time intervals when the sun’s altitude as
observed by HST was less than 20◦. Table A.1 presents
the G130M/FUVA segment for each target before and
after the filtering. The continuum for each of the three
lines of sight was fitted locally to the spectral regions of
interest, using first-order polynomials, and then the flux
was normalized by the continuum.
2.2. 21 cm observations
The H I data were taken on April 15, 2011 with the
central beam of the 21-cm multibeam receiver on the 64-
m Parkes radio telescope, which provides a beam size of
14.4 arcmin FWHM at 1.4 GHz. We integrated for 2
hours on Ton S210 and B0120-28, and for 2.5 hours on
B0117-2837. In addition, the standard calibrator posi-
tion S8 was observed for the purpose of flux calibration.
The correlator setup provided a total of 4096 spectral
channels across a bandwidth of 8 MHz, resulting in a
velocity resolution of about 0.4 km s−1. In order to max-
imize the time on source, the frequency switching method
was applied, resulting in a final rms noise level of approx-
imately 8 to 10 mK. The data were reduced using the
Livedata/Gridzilla data reduction pipeline.
Figure 1 shows the H I 21 cm integrated map from
HIPASS (Barnes et al. 2001) centered on an LSR ve-
locity of −200 km s−1. The contours shown correspond
to H I column densities of 1018 − 1019 cm−2. One of
the three sightlines, B0117-2837 is about 7.5 arcmin from
these contours. B0120-28 is farther from the center of the
cloud than Ton S210, but it lies just inside the clouds’s
extended tail, and both of these two sightlines are nearly
on the same contour. This implies the same column den-
sities of H I for these two sightlines, and that HIPASS
data are not sensitive enough to detect emission towards
B0117-2837. The original HIPASS velocity resolution is
18.0 km s−1 (Barnes et al. 2001), while our Parkes obser-
vations have a velocity resolution of 0.4 km s−1. Hence,
there is a factor of 45 improvement in velocity resolu-
tion. In addition, we integrated for 2 hours (2.5 h in one
case) as compared to the HIPASS integration time of 7.5
min (Barnes et al. 2001), which is a factor of 16 (20)
in integration time, translating into an improvement in
sensitivity of a factor of 4 (4.5). Figure A.1 presents a set
of channel maps, showing the H I 21 cm emission in the
region of the sky surrounding the CHVC under study,
which appears between −205 km s−1 and −165 km s−1.
3. RESULTS
Figures 2, 3, and 4 show the HST/COS data for the
Ton S210, B0120-28 and B0117-2837 directions. In each
case, the 21 cm emission-line profile from the Parkes ra-
dio telescope is included. The centroid of the 21 cm
velocity profile in any given direction defines where the
CHVC is located in velocity in that sightline. In each
plot, the absorption component corresponding to the
CHVC under study is centered at a negative vLSR near
−200 km s−1, and the Milky Way component of ab-
sorption is centered at vLSR = 0 km s
−1. The plot of
B0117-2837 shows another HVC component centered at
a positive vLSR, although there is no evidence that this
component is connected to the CHVC. Therefore we do
not discard this HVC, but simply do not associate it
with the CHVC, since there is no reason to do so. Since
the three sightlines pass through a single small cloud, the
small scale-structure variation can be studied by compar-
ing the absorption profiles directly against one another
by overplotting them in velocity space. Figure 5 shows
the comparison of the three sightlines with only those
absorbing species which show prominent and unblended
detection. C II 1334 and Si II 1190 toward B0120-28 are
blended and not shown on this plot. Si II 1304 in COS
data is contaminated by geocoronal emission in O I 1304
(there are O I lines at 1302 and 1304 A˚). Doing a night-
only reduction removes the geocoronal emission but also
reduces the S/N, meaning we can not get a good Si II
column density from that line. So we do not include Si
II 1304 in our study. We note that Fe II 1608, S II 1250,
1253, 1259 are not prominent toward any of the sight-
lines under study and hence are not shown in figure 5.
We include these lines in Figures 2, 3 and 4, and in Table
2 for the depletion and abundance studies discussed later
in §4. Figure 6 shows H I 21 cm emission profiles from
the Parkes radio telescope. Figure 7 shows the plot of O
I 1302 toward each sightline.
3.1. Column Density Measurements
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Table 1
Summary of Sightline Properties
Target l b vamin v
a
max H I 21 cm O I λ 1302 Exposure time (s) S/N
d Detected
(◦) (◦) (km s−1 ) (km s−1) Emissionb Absorptionc G130M G160M 1393 A˚ 1526 A˚ Ions
B0117-2837 225.73 −83.65 −270 −80 <17.26 <14.10 5233 8519 22 16 C II, C IV, Si II,
Si III, Si IV
B0120-28 225.73 −82.93 −250 −110 18.43 ± 0.03 <14.27 5183 8519 13 15 C II, C IV, Si II,
Si III, Si IV
Ton S210 224.97 −83.16 −280 −110 18.36 ± 0.03 13.99 ± 0.19 5074 5468 31 22 C II, C IV, Si II,
Si III, Si IV
Notes
aMinimum and maximum LSR velocities of CHVC absorption, used for AOD (Apparent Optical Depth) integration.
blog [N(H I)/cm−2] from Parkes observations, details in Table 3.
clog [N(O I)/cm−2], based on the night-only data from G130M/FUVA, details in Table A.1.
The uncertainty on N(H I 21 cm) is statistical. Error on N(O I 1302) includes both statistical and systematic (continuum-placement)
uncertainties. Upper limits are 3σ.
dS/N ratio per pixel.
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Figure 1. H I 21 cm column density map of CHVC 224.0-83.4-197
from HIPASS. The positions of the three sightlines are indicated
by the ‘+’ signs. HPBW is the half-power beam width indicat-
ing the size of the Parkes beam, 14.4 arcmin FWHM at 1.4 GHz.
The contours start at 2×1018 cm−2 and are drawn in intervals of
2×1018 cm−2.
The column densities for each metal line of interest
were derived by measuring the absorption in the LSR
velocity range of the CHVC, using the apparent optical
depth (AOD) method (Savage & Sembach 1991; Sem-
bach & Savage 1992; Jenkins 1996). The velocity limits,
vmin and vmax, are determined by visual inspection of
the data, finding the velocities where the flux recovers
to the continuum on either side of the CHVC absorp-
tion component. The AOD in each pixel is calculated as
τa(v) = ln[Fc(v)/F (v)] where Fc(v) and F (v) are the
best-fit continuum flux and the observed flux respec-
tively. The total AOD is calculated from the equation
τa =
∫ vmax
vmin
τa(v)dv and the apparent column density
from Na(v) = 3.768 × 1014(fλ)−1τa(v) where f is the
oscillator strength of the transition, λ is the wavelength
in A˚, and Na(v) is in units of cm
−2 (km s−1)−1. This
method is reliable if the lines are resolved and unsatu-
rated. It requires that two or more lines have sufficiently
different fλ to take into account the effects of saturation
(Savage & Sembach 1991).
For non-detections, i.e. cases where there is no ab-
sorption present at 3σ significance in the chosen velocity
Table 2
CHVC Column Density Measurements
Ion
Line
(A˚)
log
(
Nca
cm−2
)
Ton S210 B0120-28 B0117-2837
H I 21 cm 18.36 ± 0.03 18.43 ± 0.03 <17.26
O I 1302 13.99 ± 0.19 <14.27 <14.10
C II 1334 14.35 ± 0.04 b 14.12 ± 0.07
C IV 1548 13.85 ± 0.06 13.85 ± 0.06 13.76 ± 0.09
C IV 1550 13.89 ± 0.11 13.75 ± 0.13 13.78 ± 0.15
Si II 1190 13.56 ± 0.10 b 13.27 ± 0.19
Si II 1193 13.44 ± 0.07 13.12 ± 0.12 13.12 ± 0.15
Si II 1526 13.63 ± 0.14 13.29 ± 0.23 13.16 ± 0.35
Si III 1206 13.43 ± 0.03 13.33 ± 0.03 13.36 ± 0.04
Si IV 1393 13.20 ± 0.15 13.08 ± 0.12 13.02 ± 0.17
Si IV 1402 13.09 ± 0.24 13.08 ± 0.26 13.25 ± 0.20
Al II 1670 12.44 ± 0.14 12.80 ± 0.10 <11.97
Fe II 1608 <13.48 <13.69 <13.59
S II 1250 < 14.28 b <14.51
S II 1253 14.07 ± 0.48 b 14.26 ± 0.38
S II 1259 <13.82 <14.13 14.74 ± 0.12
Notes
The uncertainty on N(H I 21 cm) is statistical. Errors on
the UV metal-line column densities include both statisti-
cal and systematic (continuum-placement) uncertainties.
Upper limits are 3σ.
b indicates blend.
c Column density measurements are made in the velocity
range (vmin to vmax) in units of km s
−1; (−270, −80)
for B0117-2837, (−250, −110) for B0120-28, and (−280,
−110) for Ton S210.
range, we give a 3σ limit on the column density, assum-
ing a linear curve of growth. Table 2 shows the measured
CHVC column densities toward the three sightlines. Er-
rors on column densities include both statistical uncer-
tainty as well as continuum fitting uncertainty of 5% as
we find S/N of the data ∼ 20 (Table 1).
Assuming that the H I 21 cm line is optically thin,
its column density is calculated using N(H I) = 1.823×
1018
∫ vmax
vmin
TBdv (e.g. Dickey & Lockman 1990), where
N(H I) is in units of cm−2, TB is the brightness temper-
ature in kelvin, and vmin and vmax are the velocity in-
tegration limits in km s−1. We fit Gaussian components
to derive the H I column densities for each of the three
directions, which match well with the results obtained
from the integration method using the above-mentioned
formula of Dickey & Lockman (1990). Details are given
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Figure 2. HST/COS absorption-line profiles and Parkes H I 21 cm emission-line profile toward Ton S210. The normalized flux is plotted
against LSR velocity for each absorption line shown. The 21 cm (bottom right) panel shows the brightness temperature profile. The dark
gray shaded region indicates the CHVC under study. It is enclosed by the dotted vertical lines at −280 km s−1 and at −110 km s−1, which
are the velocity limits, vmin and vmax used for the AOD integration. The rightmost vertical dotted line at 110 km s
−1 marks the limit for
the Milky Way component shown in the region shaded in light gray.
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Figure 3. HST/COS absorption-line profiles and Parkes H I 21 cm emission-line profile toward B0120-28. The normalized flux is plotted
against LSR velocity for each absorption line shown. The 21 cm (bottom right) panel shows the brightness temperature profile. The dark
gray shaded region indicates the CHVC under study. It is enclosed by the dotted vertical lines at −250 km s−1 and at −110 km s−1, which
are the velocity limits vmin and vmax used for the AOD integration. The rightmost vertical dotted line at 80 km s
−1 marks the limit for
the Milky Way component shown in the region shaded in light gray. B indicates blending.
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Figure 4. HST/COS absorption-line profiles and Parkes H I 21 cm emission-line profile toward B0117-2837. The normalized flux is plotted
against LSR velocity for each absorption line shown. The 21 cm (bottom right) panel shows the brightness temperature profile. The dark
gray shaded region indicates the CHVC under study. It is enclosed by the dotted vertical lines at −270 km s−1 and at −80 km s−1, which
are the velocity limits vmin and vmax used for the AOD integration, while rightmost vertical dotted line at 70 km s
−1 marks the limit for
the Milky Way component shown in the region shaded in light gray. Another CHVC component can also be located between 70 km s−1
and 150 km s−1.
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Figure 5. Comparison of the absorption-line profiles of the three sightlines from HST/COS. The last panel shows the H I 21 cm brightness
temperature profile from the Parkes survey. The vertical lines show velocity limits for the AOD integration, each color corresponding to a
specific sightline. C II 1334 and Si II 1190 toward B0120-28 are blended and not shown on this plot.
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in Table 3.
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Figure 6. H I 21 cm emission profiles from the Parkes radio tele-
scope. Gaussian profile fits are shown in red, details of which can
be found in Table 3. Contrary to the other two sightlines, there is
no H I detection for B0117-2837
Table 3
CHVC H I Parameters
Parameter Ton S210 B0120-28 B0117-2837
A (K) 0.0347 ± 0.0016 0.0489 ± 0.0021 ...
σv (km s−1) 14.64 ± 0.78 12.24 ± 0.61 ...
v0 (km s−1) −199.03 ± 0.78 −177.98 ± 0.61 ...
N(H I) (cm−2) (2.32 ± 0.16)×1018 (2.74 ± 0.18)×1018 <3×1017
Notes
A : amplitude of the fitted Gaussian in K (peak H I brightness temper-
ature), σv : dispersion in km s
−1
v0 : LSR velocity centroid in km s
−1
N(H I) : H I column density in cm−2
Upper limit on N(H I) is 5σ
3.1.1. Ton S210
The absorption lines analyzed toward Ton S210 are
listed in Table 2. The chosen LSR velocity limits are
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Figure 7. O I 1302 absorption profile from night-only HST/COS
data, details of which can be found in Table A.1. Of the three
sightlines, only Ton S210 shows a significant detection of absorption
from the CHVC (shaded in black). The dotted vertical lines are
the velocity limits vmin and vmax used for the AOD integration.
vmin = −270 km s−1 and vmax = −110 km s−1. The lines
which are well-resolved and unsaturated are C II 1334, C
IV 1548, 1550, Si II 1190, 1193, 1526, Si III 1206, Si IV
1393, 1402 and Al II 1670, and so form the main part of
our analysis. Their column densities are calculated using
the AOD technique. The S II lines show no detection.
For the abundance determination, we report the most
constraining value, i.e. log [N(S II 1259)/cm−2]<13.82,
obtained by adjusting the velocity integration limits to
−300 km s−1 and −90 km s−1. Ton S210 is the only
sightline where O I 1302 is detected (Figure 7), with a
column density of log [Na(O I 1302)/cm
−2] = 13.99 ±
0.19. We obtain log [N(H I)/cm−2] = 18.36 ± 0.03 from
the Parkes data.
3.1.2. B0120-28
The absorption lines analyzed toward B0120-28 are
listed in Table 2. The velocity limits for the AOD in-
tegration are taken as −250 km s−1 to −110 km s−1.
There is no detection of O I 1302 (Figure 7). The lines
which are well-resolved and unsaturated are C IV 1548,
1550, Si II 1193, 1526, Si IV 1393, 1402. Figure 3 shows
an absorption feature (blend) on the lower velocity end of
Al II 1670 and the higher velocity end of Si IV 1402. We
therefore adjust the lower velocity limit for Al II 1670 to
−300 km s−1 and the upper velocity limit for Si IV 1402
to −70 km s−1 to obtain the column densities of these
absorption lines. C II 1334, Si II 1190, S II 1250, 1253
are blended, and so are neglected. Fe II 1608 and S II
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1259 show very weak absorption. The H I column den-
sity derived from the Parkes data is log [N(H I)/cm−2]
= 18.43 ± 0.03.
3.1.3. B0117-2837
The absorption lines analyzed toward B0117-2837 are
listed in Table 2. The velocity limits are chosen as −270
km s−1 and −80 km s−1. O I 1302 shows no detection
(Figure 7). The lines which are well-resolved and unsat-
urated are C II 1334, C IV 1548, 1550, Si II 1190, 1193,
1526, Si III 1206, Si IV 1393, 1402 and S II 1259. Al II
1670 and S II 1253 show weak absorption. Fe II 1608 and
S II 1250 show no absorption. We give an upper limit of
H I 21 cm column density assuming that the undetected
line is intrinsically of Gaussian shape, as shown in Fig-
ure 6. The rms brightness temperature (sensitivity) is 7.8
mK at the original velocity resolution of about 0.4 km
s−1. Assuming a line width of 35 km s−1 FWHM, similar
to what is observed toward Ton S210, this translates into
a 5σ H I column density limit of N(H I)< 3×1017 cm−2.
Among the three sight lines, Ton S210 shows the high-
est UV metal-line column densities.
3.2. Chemical Abundances
The measured ion column densities encode impor-
tant information about the CHVC’s physical and chem-
ical conditions. We use the standard notation to de-
scribe the relative gas-phase abundance of an element
X with respect to neutral hydrogen, given by [X/H] ≡
log(X/H)obs − log(X/H) where (X/H)obs is the rela-
tive abundance of X with respect to H in the considered
medium while (X/H) is the relative abundance in the
sun. Neutral oxygen and neutral hydrogen have simi-
lar ionization potentials, and there is a strong charge-
exchange reaction that couples both ions in gas with suf-
ficiently high density (Field & Steigman 1971). Oxygen
is also found to be relatively undepleted onto dust grains
in interstellar environments (Jensen et al. 2005; Meyer
et al. 1998). This makes O I the best ion to study
the overall metallicity of neutral and weakly ionized gas.
In our case, we find a significant detection of O I 1302
only toward Ton S210, which gives us [O/H] = [O I/H
I] = −1.06 ± 0.22 (before ionization correction). We in-
clude a systematic error of 0.10 dex (Fox et al. 2010) on
the metallicity measurements accounting for the effect of
the beam-size mismatch between UV data (infinitesimal
beam) and the radio data (finite beam). The other two
sightlines show no detection of O I. Like O I/H I, the
S II/H I ratio is also considered to be one of the most
reliable among the available abundance indicators, since
both of them are least affected by dust and ionization ef-
fects (although see Jenkins 2009). S II absorption is not
detected at significant levels in any of the three sightlines
under consideration. We find [S II/H I] < 0.34 toward
Ton S210, which is consistent with [O/H] measurement.
The ion abundances of the absorbing species, [X/H]
form the empirical indicators of the gas-phase abun-
dances. Figure 8 compares the ion abundances measured
toward B0120-28 and Ton S210 with the compilation of
LMC and SMC reference abundances presented by Rus-
sell & Dopita (1992). The solar abundance is shown by
a horizontal line at [X/H] = 0. The average LMC abun-
dance is 0.46 solar, and the average SMC abundance is
0.22 solar. They are shown as the horizontal lines. On
the same plot, the MS ion abundances measured toward
two other previously studied sightlines, RBS144 (Fox et
al. 2013), and Fairall 9 (Richter et al. 2013), are also
shown.
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Figure 8. Ion ratios for the two sightlines B0120-28 and Ton S210,
and comparison with other previously studied sightlines RBS144
and Fairall 9. The solar, average LMC (0.46 solar), and average
SMC (0.22 solar) abundances are plotted as horizontal lines. We
note that H I column density toward these two sightlines (log [N(H
I)/cm−2]: 20.17 for RBS144 (Fox et al. 2013) and 19.97 for Fairall 9
(Richter et al. 2013)) are much higher than the H I column density
toward CHVC sightlines (log [N(H I)/cm−2]: 18.36 for Ton S210
and 18.43 for B0120-28).
3.3. Ionization Modeling
To derive the elemental abundances from the ion abun-
dances, ionization corrections must be applied. The ion-
ization corrections are defined as the difference between
the intrinsic elemental abundance and the measured ion
abundance, i.e. IC(Xi) = [X/H] − [Xi/H I]. These cor-
rections show the amount which must be added to the
observed ion-to-H I ratio to determine the intrinsic abun-
dances. A set of photoionization models using Cloudy
(v13.02 Ferland et al. 2013) was run to investigate the
process of photoionization of the low-ionization species
by the incident radiation field, which helped us derive
the ionization corrections.
When running the Cloudy model, we assume that our
CHVC is a plane-parallel uniform density slab exposed to
a radiation field which includes both quasars and galax-
ies, and use the Haardt & Madau (2005) extragalactic
background built into Cloudy at a redshift of zero. Mod-
els including the contribution from ionizing photons from
the Milky Way and the Magellanic Clouds are presented
in Fox et al. (2014). An overall metallicity of [X/H] =
−1 is used, (as justified by the measured [O I/ H I] ra-
tio toward Ton S210) for each of the sightlines while the
column density of the neutral gas (log [N(H I)]/cm−2)
is taken as 18.36 and 18.43 for Ton S210 and B0120-28
respectively; this defines the stopping condition of the
model. The logarithmic gas density is varied from −1.0
to −4.0 with an interval of 0.5. This is equivalent to vary-
ing the ionization parameter log U ≡ log (nγ/nH), from
−5.0 to −2.0. We use the minimum chi-square method of
model-fitting to find the model (i.e. the value of log U)
for each sightline that best reproduces the observations.
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No Cloudy model could be made for the B0117-2837 di-
rection because there was no significant detection of H I
21 cm emission in the CHVC toward this sightline.
We present the results obtained from Cloudy models in
two sets of figures (9 and 10), each consisting of the anal-
ysis for the two sightlines, Ton S210 and B0120-28. The
first set (Figure 9) shows the variation of column densi-
ties of the ions with respect to the ionization parameter
log U and gas density log nH . On the same plots, we
show the observed column densities calculated from the
AOD method. The best-fit values of log U and of log
(nH/cm
−3), shown on these plots are calculated consid-
ering that only low-ionization species are photoionized
by the radiation field, and not the highly ionized species
(C IV and Si IV), which may have a contribution from
collisional ionization (e.g. Fox et al. 2010). In the text
which follows, we use the term low ions to refer to singly-
and doubly-ionized species (such as Si II and Si III), and
the term high ions to refer to triply-ionized species (C IV
and Si IV). The second set (Figure 10) shows the varia-
tion of ionization corrections for the low ions calculated
from the Cloudy models, as a function of the ionization
parameter. We now discuss the results drawn from these
two sets of figures.
3.3.1. Cloudy Results toward Ton S210
The photoionization model obtained from Cloudy
yields an ionization parameter log U = −3.9+1.4−0.6, cor-
responding to a gas density log (nH/cm
−3) = −2.1+0.6−1.4.
The ionization corrections for C II, Si II, and Al II de-
rived from our best-fit model are: IC(C II) = −0.77 dex,
IC(Si II) = −0.78 dex, IC(Al II) = −0.82 dex, which are
all larger (in an absolute sense) than IC(O I) = −0.06
dex. The low ionization correction obtained for O con-
firms that it is a robust metallicity indicator. Applying
these ionization corrections, we derive gas-phase abun-
dances, [C/H] = −1.21 ± 0.11, [Si/H] = −1.15 ± 0.11,
[Al/H] = −1.19 ± 0.17, and [O/H] = −1.12 ± 0.22. We
find that the gas-phase abundances for all four of the low
ions agree within 0.09 dex.
3.3.2. Cloudy Results toward B0120-28
The photoionization model obtained from Cloudy
yields the ionization parameter log U = −3.8+1.3−0.7, corre-
sponding to a gas density log (nH/cm
−3) = −2.2+0.7−1.3. As
we found for Ton S210, the ionization corrections toward
B0120-28 for Si II, and Al II derived from our best-fit
model are significant: IC(Si II) = −0.78 dex, IC(Al II)
= −0.83 dex. Applying these ionization corrections, we
derive gas-phase abundances, [Si/H] = −1.56 ± 0.15, and
[Al/H] = −0.91 ± 0.14. We find IC(O I) = −0.05 dex,
which gives [O/H] < −0.90. We do not report [C/H] as
C II 1334 is blended toward B0120-28.
Figure 9 also shows that the best-fit photoionization
Cloudy model can only explain the low-ion column den-
sities, but not the high-ion column densities-the C IV
and Si IV are not explained near a gas density of log nH
= −2.1 (Ton S210) and −2.2 (B0120-28), since the mod-
els at that density predict much smaller column densities
of these two ions than are observed. This result has been
found previously in the context of other HVCs by many
authors (Collins et al. 2005; Fox et al. 2005). This shows
the need of a separate ionization mechanism (possibly
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Figure 9. Cloudy photoionization models of the absorbing species
observed in the CHVC toward Ton S210 and B0120-28. These mod-
els are generated assuming that the low-ionization species (C II,
Si II, Al II) are photo-ionized by the incident radiation field which
includes both quasars and galaxies, and the overall metallicity =
[X/H] = −1. The colored lines show the predicted column densi-
ties of each ion while circles show the observed column densities
for these ions. No Cloudy model could be made for B0117-2837
because there was no significant detection of H I 21 cm emission
in the CHVC in this sightline.
CHVC near the Magellanic Stream 11
collisional ionization) to explain the high ions. The dif-
ference in velocity structure of the low and high ions also
indicates the separate behaviour of high ions.
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Figure 10. Ionization corrections for low ions (C II, Si II, Al II)
and O I in our Cloudy models of the CHVC toward Ton S210 (top)
and B0120-28 (bottom). No plot of ionization correction for C II
is shown toward B0120-28 since C II 1334 is blended toward this
sightline. These corrections are used to derive the elemental abun-
dance from the ion abundance. The small ionization correction for
O I justifies its use as a robust metallicity indicator.
4. DISCUSSION
Our study is designed to investigate if the CHVC un-
der study lying 10◦ off the main body of the Magellanic
Stream is physically connected with it and to study the
ionization conditions across the cloud. We compare our
findings to those obtained for RBS144 and Fairall 9 which
lie behind the main body of the Magellanic Stream but
those directions have much higher H I column densities
(log [N(H I)/cm−2]: 20.17 for RBS144 (Fox et al. 2013)
and 19.97 for Fairall 9 (Richter et al. 2013)). From Fig-
ure 8, we find that the ion abundances derived for our
sightlines, B0120-28 and Ton S210 are above those ob-
tained for RBS144 and Fairall 9. To explore this further,
we solved for the ionization correction of the low ions us-
ing Cloudy photoionization models with one tenth solar
metallicity in the CHVC, as measured by O I/H I to-
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Figure 11. Gas-phase abundance ratios for the two sightlines
B0120-28 and Ton S210, and comparison with other previously
studied sightlines RBS144 and Fairall 9. The solar, average LMC
(0.46 solar), and average SMC (0.22 solar) abundances are plotted
as horizontal lines.
ward Ton S210, thus deriving the elemental abundances
of these species. Figure 11 shows gas-phase abundance
ratios for the two sightlines B0120-28 and Ton S210,
and comparison with other previously studied sightlines
RBS144 and Fairall 9. The derived O abundance after
correction, [O/H]CHVC = −1.12 ± 0.22, is close to the
metallicity of the same CHVC reported by Richter et
al. (2009) using HST/STIS data, [O/H] = −1.01. The
metallicity measurements of the Magellanic Stream from
previous studies give −1.13 ± 0.16 for RBS144 (Fox et
al. 2013), −1.24 ± 0.12 for NGC 7714 and −1.00 ± 0.09
for NGC 7469 (Fox et al. 2010), all close to 0.1 solar as
in our case, while the metallicity measurement toward
Fairall 9 is a factor of five higher −0.30 ± 0.04 (Richter
et al. 2013; Gibson et al. 2000). It should be noted
here that these three sightlines (RBS144, NGC 7714 &
NGC 7469) probe the main body of the MS, and have
high H I column density (20.17 for RBS144), while our
CHVC toward Ton S210 lies 10◦ off the MS with low H
I column density (18.36). The red stars in Fig 11 (Ton
S210) form a fairly flat line near [X/H] = −1.2, but the
black circles (RBS144) and blue squares (Fairall 9) show
a depletion pattern where [Al/H] < [S/H] and [Si/H] <
[S/H], indicating that Al and Si are depleted relative to
S in those directions. This apparent difference in dust
depletion is likely related to the much higher N(H I) for
the RBS144 and Fairall 9 directions compared to the Ton
S210 direction.
The fraction of silicon in each ionization state can be
calculated for each sightline. For B0120-28 and B0117-
2837, the ratios of Si II, Si III and Si IV with respect
to the total Si are found to be 0.30, 0.45 and 0.25 re-
spectively. For Ton S210, the ratios of Si II, Si III and
Si IV with respect to the total Si are found to be about
0.43, 0.36 and 0.20 respectively. This shows that there is
not much variation in the ionization breakdown of silicon
from one part of the cloud to the other.
Our photoionization models underestimate the ob-
served column densities of the high ions C IV and Si IV,
suggesting that these ions live in a separate phase of gas
than the low ions. Strikingly, we find that the observed
values of log C IV/Si IV toward B0117-2837, B0120-28
and Ton S210 are 0.65 ± 0.15, 0.75 ± 0.12 and 0.69 ±
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0.14 respectively, which are very close to the ratios mea-
sured in the main body of the Magellanic Stream, 0.69
± 0.04 toward NGC 7469 and 0.77 ± 0.13 toward Mrk
335 (Fox et al. 2010). This similarity suggests that the
mechanism involved in producing the high ions in the
MS, most probably collisional ionization, is at work in
the CHVC under study too.
Our finding that the CHVC metal abundance of 0.1
solar matches the abundance measured along the main
body of the Stream suggests that the CHVC has its ori-
gin in the Stream. This is reinforced by the similar cen-
tral velocity of the CHVC and the Stream in this part
of the sky. The CHVC may represent a fragment of the
Stream that has been removed by its interaction with the
surrounding plasma. Such interaction is invoked to ex-
plain the small-scale structure seen in high-resolution 21
cm maps of the Stream (Westmeier & Koribalski 2008;
Stanimirovic´ et al. 2002, 2008), and is predicted by hy-
drodynamical simulations (Bland-Hawthorn et al. 2007;
Heitsch & Putman 2009).
5. SUMMARY
In this paper, we have analyzed UV absorption-line
data from HST/COS and radio H I 21 cm emission
data from the Parkes telescope in three directions (Ton
S210, B0120-28 and B0117-2837) passing through CHVC
224.0-83.4-197. This has allowed us to study the chemical
composition and the physical conditions of the CHVC,
which lies near the edge of the Magellanic Stream near
the South Galactic Pole. The main results obtained from
the work are as follows:
1. For all three sightlines, absorption is detected in
one individual absorption component centered at
vLSR = −200 km s−1. For B0117-2837, a second
high-velocity component is seen at −120 km s−1,
although there is no evidence that this component
is connected to the CHVC.
2. Detected atoms and ions in the CHVC include C
II, C IV, Si II, Si III, Si IV and Al II. Absorption in
O I 1302, a good metallicity indicator, is observed
using a night-only reduction of the COS data of
Ton S210, and can be detected only toward Ton
S210. S II, Fe II, N I and N V are not detected at
reliable confidence levels.
3. The H I column density in the CHVC is not
high enough for significant detections in the
LAB (Kalberla et al. 2005) and GASS (McClure-
Griffiths et al. 2009) Surveys. Deep 21-cm Parkes
observations provide the H I column density, log
[N(H I)/cm−2] as 18.43 ± 0.03 for B0120-28 and
18.36 ± 0.03 for Ton S210. For B0117-2837, an up-
per limit <17.26 corresponding to the 3σ value is
reported.
4. We calculate the ratios of Si II, Si III, Si IV to
the total Si for the three sightlines under study.
N (Si II)/ N (Si) varies from 0.43 (Ton S210) to
0.30 (B0120-28 and B0117-2837). We find N (Si
III)/ N (Si) to be 0.36 for Ton S210, and 0.45 for
B0120-28 and B0117-2837. N (Si IV)/ N(Si) varies
from 0.20 (Ton S210) to 0.25 (B0120-28 and B0117-
2837). Thus the ratios vary by 5-13%, which sug-
gests that there is not much variation of the ion-
ization structure from one part of the cloud to the
other.
5. Using photoionization models generated from
Cloudy and combining the results with the ob-
served column densities of the ten absorbing atoms
and ions, the gas density is calculated. The val-
ues of the total gas density, log (nH/cm
−3) are re-
ported to be −2.1+0.6−1.4 and −2.2+0.7−1.3 for Ton S210
and B0120-28 respectively. Corresponding values
of the ionization parameter log U are −3.9+1.4−0.6 and
−3.8+1.3−0.7. Using these, we calculate ionization cor-
rections for C, Al and Si, which are significant as
we expected from the low H I column density, but
for O I we find IC = −0.06 dex. We confirm that
the ionization correction is small for O I.
6. Toward Ton S210, we derive gas-phase abundances,
[C/H] = −1.21 ± 0.11, [Si/H] = −1.15 ± 0.11,
[Al/H] = −1.19 ± 0.17 and [O/H] = −1.12 ± 0.22,
which all agree to within 0.09 dex. Toward B0120-
28, we derive gas-phase abundances [Si/H] = −1.56
± 0.15, [Al/H] = −0.91 ± 0.14 and [O/H] < − 0.90.
The CHVC under study is not an isolated object, but
instead belongs an extended network of filaments lying
at angular distances of up to 20◦ from the main body
of the MS (Westmeier & Koribalski 2008). Our chem-
ical abundance analysis shows that the CHVC, and by
extension the population of filaments, likely originates in
the Magellanic Stream. Gaseous fragments such as the
CHVC may trace the disintegration and incorporation of
the Stream into the Galactic halo.
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APPENDIX
Table A.1
Details of the night-only data reduction
Target
Exposure time (s)
full (day+night)
Exposure time (s)
Night-only
% of
data used
Ton S210 5047 2188 43.4%
B0120-28 5184 1934 37.4%
B0117-2837 5234 2090 39.9%
B0117−2837Ton S210
B0120−28
−217.9 km/s
−178.4 km/s −165.2 km/s
−204.7 km/s
−152.0 km/s −138.8 km/s
−191.6 km/s−231.1 km/s
Figure A.1. HIPASS channel maps of the H I 21 cm emission in the region of the sky surrounding the CHVC under study. The data
shown have a velocity resolution of 26 km s−1 and the outer contour is at a flux density level of 10 mJy. The separation in velocity between
each panel is 13 km s−1. The red circled crosses on the maps are the theee sight lines, B0117-2837, B0120-28 and Ton S210. The CHVC
can be seen near the centre of the map in between −217.9 and −165.2 km s−1.
